The aim of this study is to give insight about the effect of long marine stress starvation conditions in the physiological responses of three potential halophilic probiotic Bacillus isolates isolated from Artemia culture. Bacteria were cultured in sterilized seawater and incubated at ambient temperature for one year. The obtained results showed that the isolates viability was maintained during the studied period. Compared to normal cells, starved cells increased their adhesive ability and cell surface hydrophobicity. Our data demonstrated that the tested isolates maintained their enzymatic profile in non-starvation conditions and under stress conditions they expressed enzymes like esterase lipase (C8), amylase, lipase, and caseinase. The present finding suggests that the tested strains have developed strategies that allow them to overcome stressful conditions in the absence of nutrients and makes them as a potential candidate probiotics.
INTRODUCTION
To overcome and control diseases associated to pathogenic bacteria, different approaches, such as the use of antimicrobial drugs, have been used. These approaches, have had limited success in the prevention of these diseases because they have a negative effect on the indigenous flora, favourite selection of resistant microorganisms and affect the environment and human health (Planas et al., 1994) . Promising alternatives to antibiotics are probiotics that were considered as a safe live microbial feed supplements which beneficially affect the host animal by improving its intestinal microbial balance (Gaggìa et al., 2010) . Their positive effects include the improvement of host growth and prevention of disease usually associated to pathogens. The genus Bacillus is among the microorganisms considered as agent to inhibit pathogens in vivo and in vitro conditions (Ravi et al., 2007) . Other previously published reports describe the potential use of halophilic bacteria as probiotic. In fact, Masuda et al. (2008) demonstrated that a halophilic lactic acid bacterium, Tetragenococcus halophilus, possess an immunodulatory activity that promotes T helper type 1 (Th1) immunity in addition to its important roles in soy sauce brewing. Also, results of and Roth et al. (2011) revealed that halophilic bacteria have the ability to inhibit pathogens such as Listeria. Bacillus species, which constitute a part of the microflora of some aquatic animals, have been tested for their ability to control pathogenic bacteria (Rengipipat et al., 2000) . To better use probiotics as a strategy to combat diseases, it is necessary to understand their survival and adaptation under stressful conditions and in the marine culture medium. In fact, it has been demonstrated that bacteria suffered changes allowing them to survive under stress (e.g., depletion of nutrient sources, microaerobiosis, and anaerobiosis) (Al Dahouk et al., 2009; Ben Abdallah et al., 2010; Ellafi et al., 2011; Lu et al., 2011) . Nutrients limitation is one of the environmental stress that microorganisms routinely encounter in natural ecosystems. However, it was found that some bacterial strains can survive for a long time under unfavourable conditions by means of some changes in cell physiology and evolution to the viable but non-culturable form (VBNC) state (Ben Kahla-Nakbi et al., 2007 Ben Abdallah et al., 2009) . It has been proposed that the VBNC state is a strategy by which microorganisms adapt to stress and cells may be able to recover from this state once optimal conditions are restored (Huq and Colwell, 1995) . These VBNC cells of probiotic bacteria may retain some characteristics of normal cells, and are able to use the resuscitation process to regain cultivability (Mizunoe et al., 2000) . In the search to give insight about the adaptative strategies developed by potential probionts halophilic Bacillus isolates, recently studies for their probiotic properties by Mahdhi et al. (2012) , to overcome the unfavourable growth conditions, the effect of long stress starvation conditions on their viability and the physiological responses were investigated. The results suggest that the tested strains developed strategies which allowed them to support nutrients limitation in seawater microcosms.
MATERIALS AND METHODS

Bacterial strains and growth conditions
The tested strains were aseptically isolated from Artemia salina cultures recovered from Tunisian hypersaline environments. Water samples (1 mL) were enriched 24 h at 30°C in nutrient broth sea water (NBSW) (salinity 34 g/L and pH 7.99) and spread on nutrient agar plate and incubated at 30°C. The appeared colonies were passage on nutrient agar plates. Gram and catalase positive rods were retained. The isolates were subjected to the 16S rDNA sequence analysis and identified as Bacillus sp. The obtained sequences were deposited in GenBank under the following accession numbers; GenBank ID; HM117830 (S1); HM117836 (S2); HM117835 (S3). Isolates were frozen at -80°C with 20% (vol/vol) glycerol. Bacteria were routinely enriched over 24 h at 30°C in nutrient broth sea water (NBSW) (salinity 34 g/L and pH 7.99), spread on nutrient marine agar 2216 (Difco, USA) and incubated at room temperature for 24 h at 30°C.
Bacterial assay
A 24 h culture of each isolated Bacillus species was centrifuged (12000 × g, 4°C, 15 min) and the pellets were washed three times with sterile sea water (34 g/L). Afterwards, the cells present in the pellets were inoculated into Erlenmeyer flasks containing 500 ml of sterile seawater from the Tunisian coast of Monastir (salinity 34 g/L, pH 8) until a concentration of 10 6 CFU/ ml was reached. All the flasks were incubated at ambient temperature (22-25°C) for one year.
Cell viability assay
Bacterial cell viability in sea water was determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay according to Marks et al. (1992) with some modifications. Twenty microlitres of MTT dissolved at 2.5 mg/ml in phosphate-buffered saline (PBS, pH 7.2) was added to 180 µl of previously shaken marine water. After incubation (37°C, 2 h), cells were centrifuged (8000 × g, 5 min, 25°C) and the medium was removed using a sterilised micropipette. Formazan crystals present in the pellets were dissolved in 100 µl dimethyl sulfoxide (DMSO) and the absorbance to 540 nm read in a microtitre plate reader (Bio-Rad, USA) for both the normal and starved cells. Cell viability (%) at the end of starvation period was calculated as (Mean Absorbance of Sample/Mean Absorbance of Control) × 100. Mean absorbance of control was that of non-starved cells.
Biofilm formation ability
The ability of control and starved isolates to form a biofilm on an abiotic surface was determined using a semi-quantitative adherence assay in 96 polystyrene microplates (Nunc, Roskilde, Denmark) according to Mack et al., (2001) . Briefly, following overnight incubation at 37°C, the optical density of bacteria at 595 nm (OD595) was measured using an automated Multiskan reader (Gio De Vita E C, Italy). An overnight culture grown in Tryptic Soy Broth (TSB) at 37°C was diluted in (1:100) TSB with 2% (w/v) glucose. A total of 200 μl of these cell suspensions was transferred to a U-bottomed 96 well microtitre plate (Nunc, Roskilde, Denmark). Each strain was tested in triplicate. The plates were incubated aerobically at 37°C for 24 h. The cultures were removed and the microtitre wells were washed twice with PBS (7 mmol/L Na2HPO4, 3 mmol/L NaH2PO4 and 130 mmol/l NaCl at pH 7.4) to remove nonadherent cells and were dried in an inverted position. Adherent bacteria were fixed with 95% ethanol and stained with 100 μl of 1% crystal violet (Merck, France) for 5 min. The excess stain was rinsed and poured off and the wells were washed three times with 300 μl of sterile distilled water. The water was then cleared and the microplates were air dried. Adhesion ability was interpreted as strong (OD595 ≥ 1), average (0.1 ≤ OD595 < 1) or slight (OD595< 0.1) according to Knobloch et al. (2001) .
Cell surface hydrophobicity analysis
Hydrophobicity of the isolates was evaluated by the microbial adhesion to solvent (MATS) test (Bellon-Fontaine et al., 1996) . It consisted in evaluating the affinity of the cells towards apolar solvents (hexadecane). Bacterial cells were harvested by centrifugation at 7000 × g for 5 min and resuspended in a buffered salt solution (pH 7.0) containing Na2HPO4 and NaH2PO4 (0.2 mol/L) to a final density of 10 9 CFU/mL (OD = 0.4 at 600 nm). This bacterial suspension was mixed with a solvent in the proportion (1:6) (0.4/2.4 v/v) by vortexing for 3 min in order to form an emulsion. This mixture was then left for 30 min until the formation of two separate phases. Aqueous phase was recovered with a Pasteur pipette and the turbidity at 600 nm was measured. The percentage of adhesion was expressed as: % adhesion = [(OD600 before mixing -OD600 after mixing) /OD600 before mixing] ×100 (Wang and Han, 2007) .
Enzyme characterisation
Enzyme characterisation of starved and non-starved isolates was studied with the API Zym System containing 19 substrates according to the manufacturer's instructions (BioMérieux, France). This system permits us to quantify enzymatic expression. The activities of other four enzymes were qualitatively determined following inoculation of cultures onto Tryptic Soy Agar (TSA) to Asterisks mean significant differences (P < 0.05).
which the following substrates were added; 0.2% starch for amylase, 1% skim milk for caseinase, 1% Tween 80 for lipase and 5% egg yolk for phospholipase (lecithinase) activities.
Statistical analysis
Data from the cell surface hydrophobicity, semi-quantitative adhesion assays and cell viability were investigated with analysis of variances (ANOVA) and Duncan's test. Statistical analyses were tested at a 0.05 level of probability using Statistica software (version 5.5).
RESULTS
Bacterial cell viability
According to the MTT assay value, the absorbance of the starved cells decreased in a significant way (P < 0.05) compared to normal cells ( Figure 1A) . At the end of starvation, the percentage of cell viability ranged between 53 and 66% ( Figure 1B ).
Biofilm formation ability
All the isolated Bacillus strains were screened for their adherence to polystyrene microplates. The results of long starvation condition showed a slightly increase in the adhesive ability of starved cells (P > 0.05), with values ranging between 0.15 and 0.4 at 595 nm compared to non-starved cells (Table 1) .
Microbial adhesion to solvent
Data for cell surface hydrophobicity of the probiotics Bacillus (S1, S2, and S3) are summarized in Table 1 . The results revealed that under long starvation condition, the affinity to hexadecane (apolar solvent) was increased and ranged between 8 and 20% (Table 1) .
Enzyme characterisation
Compared to normal cells, a change in the enzymatic profiles of starved cells was demonstrated in this study. In fact, under starvation, cells showed a different response to starvation conditions and expressed the following enzymatic activities: phosphatase alkaline, esterase (C4), esterase lipase (C8), β-glucosidase, amylase, lecithinase and caseinase (Table 2; Figure 2 ).
DISCUSSION
The present paper gives insight about the adaptation of potential probiotic isolates to unfavourable growth conditions. In fact, the investigated isolates exhibited a remarkable capacity for prolonged survival under marine starvation conditions and remained cultivable throughout the studied period. These data has been confirmed by the results of MTT assay that reflect a successful adaptation of bacteria to nutrient-poor aquatic environments, a basic characteristic of indigenous marine bacteria. These results agree with previous studies, which demonstrated that the ability of microorganisms to survive and grow depends on their capacity to adapt to changing environments (Corcoran et al., 2008; Ellafi et al., 2011) . In this context, it has been demonstrated that bacteria is able to develop alternative strategies in order to overcome environment changes and difficulties such as microaerobiosis and anaerobiosis, where glycolysis OD595 ≥ 1: highly adherent, 0.1 ≤ OD595 < 1: fairly adherent, OD595< 0.1: slightly adherent . Asterisks mean significant differences (P < 0.05). and denitrification were favored. Also, fatty acid oxidation and possibly citrate fermentation could also contribute to the energy production sufficient for survival under stringent conditions (Al Dahouk et al., 2009) . Saarela et al. (2004) have reported that acid and sub-lethal temperature shock treatments improved the viability of stationary phase probiotic lactobacilli. Similarly, other previously studies were shown that Vibrio spp. can adapt to a long starvation time through sequential changes in cell physiology and morphology (Ben Kahla-Nakbi et al., 2007 Ben Abdallah et al., 2009 ).
The present finding demonstrates a slightly increase in the adhesive ability of the tested bacterial strains under starvation. This observation confirms the results of Myszka et al. (2007) that demonstrate an increase of microorganism's adhesion to abiotic surfaces. Also, the same results were observed for Bacillus cereus biofilm formation on stainless steel surfaces (Peng et al., 2001 ). The adhesive ability to abiotic surfaces of Bacillus and other bacterial strains like Staphylococcus, Vibrio and Pseudomonas has been demonstrated in previously studies (Hood and Winter, 1997; Arciola et al., 2002) . The increase of adhesive ability was accompanied by an increase in the cell surface hydrophobicity of the tested isolates. In fact, it has been showed that this property, that play an important role in the bioadhesion phenomenon, is determined by microbial cell surface hydrophobicity, recognized as one of the determining factors in microbial adhesion (Balebona et al., 1995; Wang et al., 2005a) . The study of the changes occurred in the enzymatic profile revealed that under starvation conditions, some enzymes, such as esterase lipase (C8) and amylase, were expressed. A change in enzymatic profile of stressed cells of V. alginolitycus and V. fluvialis was established by Ben Kahla-Nakbi et al. (2007 . It has also been confirmed that under starvation conditions a physiological responses to starvation, such as glucose and lactose pulses in Bacillus licheniformis (Lopes da Silva et al., 2005) . Furthermore, cellular adaptation strategies to unfavorable environment were optimized by evolution of a highly sophisticated adaptational genetic and regulatory network that represents one of the most essential features of cell physiology ensuring bacterial survival (Bernhardt et al., 2003; Bae et al., 2012) . Also, in some circumstances, stressful conditions before consumption may have a positive effect on the viability and efficacy of probiotics. It is well established that bacteria evolve stress-sensing systems, which allow them to overcome difficult conditions and environmental changes (Van de Guchte et al., 2002; Corcoran et al., 2008) . Also halophilic are among bacteria that considered as a potential probiont because they maintain their probiotic under stressful conditions. In fact, it has been demonstrated that halophilic bacteria have the ability to inhibit pathogens such as Listeria (Roth et al., 2011) and can be considered as a biocontrol agent against pathogenic Vibrios in marine aquaculture (Ravi et al., 2007) .
In conclusion, the present study results suggest that the studied isolates develop strategies that allow them to survive in seawater in the absence of nutrients and reflect successful adaptation to nutrient poor aquatic environments. Furthermore, they provide arguments to encourage the use of Bacillus as a potential candidate probiotics particularly with regard to the ability of these strains to express under stressful conditions some enzymes of biotechnological interest that may provide an alternative source of energy and give more protection against stress. However, it is interesting to accomplish this study by other combined proteomic and transcriptome studies in order to define the molecular mechanisms for adaptation of bacteria under starvation conditions.
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